H3.3 actively marks enhancers and primes gene transcription via opening higher-ordered chromatin
The histone variants H3.3 and H2A.Z have recently emerged as two of the most important features in transcriptional regulation, the molecular mechanism of which still remains poorly understood. In this study, we investigated the regulation of H3.3 and H2A.Z on chromatin dynamics during transcriptional activation. Our in vitro biophysical and biochemical investigation showed that H2A.Z promoted chromatin compaction and repressed transcriptional activity. Surprisingly, with only four to five amino acid differences from the canonical H3, H3.3 greatly impaired higher-ordered chromatin folding and promoted gene activation, although it has no significant effect on the stability of mononucleosomes. We further demonstrated that H3.3 actively marks enhancers and determines the transcriptional potential of retinoid acid (RA)-regulated genes via creating an open chromatin signature that enables the binding of RAR/RXR. Additionally, the H3.3-dependent recruitment of H2A.Z on promoter regions resulted in compaction of chromatin to poise transcription, while RA induction results in the incorporation of H3.3 on promoter regions to activate transcription via counteracting H2A.Zmediated chromatin compaction. Our results provide key insights into the mechanism of how histone variants H3.3 and H2A.Z function together to regulate gene transcription via the modulation of chromatin dynamics over the enhancer and promoter regions.
[Keywords: chromatin dynamics; higher-ordered chromatin structure; histone variants; H2A.Z; H3.3; gene transcription] Supplemental material is available for this article. Received May 16, 2013; revised version accepted August 26, 2013. During DNA replication and gene transcription, the accessibility of eukaryotic DNA is thought to be highly regulated by the dynamic nature of chromatin structures. To date, three main mechanisms have been identified to modulate these dynamic structural changes, including ATP-dependent chromatin remodeling complexes, posttranslational modifications of histones, and the replacement of histone variants (Varga-Weisz and Becker 2006) . The biological roles of chromatin remodeling factors and histone modifications in the regulation of chromatin dynamics and transcription have been extensively investigated and discussed Li and Reinberg 2011) . The incorporation of histone variants may change the local and global structures of chromatin and create architecturally distinct chromatin states that perform diverse functions. However, the mechanism of this fundamental process and the precise functional implications for gene regulation remain poorly understood.
The variants H2A.Z and H3.3, both of which are highly conserved evolutionarily, have been proposed to play crucial and specific roles in the regulation of chromatin dynamics and transcription. The histone variant H2A.Z shares only an ;60% sequence identity with canonical H2A and is distinguished by an extended acidic patch on the surface of nucleosomes and a unique C-terminal tail (Suto et al. 2000) . H2A.Z has been shown to play contradictory roles in nucleosome stability, gene regulation, and heterochromatin formation. Recent studies have revealed that H2A.Z is enriched at the promoter of inducible genes under repressed or basal expression conditions but is subsequently removed upon transcriptional activation (Guillemette et al. 2005; Li et al. 2005; Raisner et al. 2005; Zhang et al. 2005; Barski et al. 2007; Sutcliffe et al. 2009) . Similar studies in mammals demonstrated that H2A.Z is required for gene activation and helps to poise gene promoters for rapid transcriptional activation upon induction (Wong et al. 2007; John et al. 2008; Sutcliffe et al. 2009 ). Interestingly, a few recent studies have demonstrated that H2A.Z exhibits a repressive role in gene transcription (Farris et al. 2005; Gevry et al. 2007; Kotekar et al. 2008; Dalvai et al. 2012 ). H3.3 has been largely considered as a mark of transcriptionally activated genes and has been deposited into transcribed genes, promoters, and gene regulatory elements (Schwartz and Ahmad 2005; Jin et al. 2009; Goldberg et al. 2010) . Although the induction of gene expression results in the enrichment of H3.3 (Schwartz and Ahmad 2005) , the dynamic deposition of H3.3 during transcriptional activation and induction has not been well defined thus far. Most recently, H3.3 has also been found to be linked to transcriptional silencing and is incorporated at regions of the genome that are typically thought to be relatively transcriptionally inactive, such as the telomere and pericentric heterochromatin in mouse embryonic stem (mES) cells (van der Heijden et al. 2007; Williams et al. 2009; Goldberg et al. 2010; Wong et al. 2010) . However, it is still unclear whether H3.3-containing chromatins possess unique properties, and how H3.3 affects transcription with only a four-to five-amino-acid residue difference from canonical H3 has not yet been elucidated. Furthermore, genomewide distribution of nucleosomes containing the double variant H2A.Z/H3.3, which are unusually sensitive to saltdependent disruption in their native state, have been found to be selectively enriched over ''nucleosome-free regions'' of active promoters, enhancers, and insulator regions in human cells (Jin and Felsenfeld 2007; Goldberg et al. 2010) .
It is clear that the two essential variants H2A.Z and H3.3 are functionally correlated during gene regulation in vivo. They may function together to establish a specialized chromatin conformation and play critical roles in gene transcription. However, the underlying molecular mechanisms still remain unclear. In this study, we described the distinct biophysical effects of H2A.Z and H3.3 on nucleosome stability and higher-ordered chromatin dynamics. In addition, we investigated the effect of these two important histone variants on gene transcription in vitro and in vivo. Moreover, the dynamic deposition and/ or replacement of H2A.Z and H3.3 and the corresponding structural changes of chromatin at the enhancer and promoter regions of RAR/RXR targeted genes were further analyzed during gene activation by all-trans retinoid acid (tRA) induction in vivo. Taken together, our results provide new insights into the molecular mechanism of how histone variants function cooperatively to establish featured chromatin structures at enhancer and promoter regions for inducible gene transcription.
Results

H2A.Z enhances the stability of mononucleosomes, but H3.3 does not have any effects
To determine the biophysical effects of H2A.Z and H3.3 on mononucleosomes, the stability of canonical or variantcontaining mononucleosomes was characterized by the salt-dependent dissociation analyzed using the fluorescent resonance energy transfer (FRET) assay. In this assay, 601 DNA templates (169 base pairs [bp] ) were labeled with the donor Alexa Fluor 488 and the acceptor Alexa Fluor 594 over a 96-bp separation. As expected, the histone-free DNA templates with no significant FRET signals were fully extended as the two dyes separated over 30 nm (Fig. 1B) . The well-organized mononucleosomes were reconstituted on the strong nucleosome positioning of the 601-DNA sequence to ensure a high homogeneity and enable efficient FRET, with the dyes approaching each other within 50 Å (Fig. 1A,B) . The NaCl-dependent disassembly of mononucleosomes was monitored by the change in quantitative FRET signals as a function of salt concentration (Fig. 1C) . The midpoint value for the overall transition process was 0.43 M 6 0.01 M NaCl for canonical H3.1/H2A histones, as shown in Figure 1D . The variant H3.3 did not have a significant effect on the stability of mononucleosomes with the midpoint of 0.47 M 6 0.02 M NaCl. In contrast, the variant H2A.Z greatly enhanced the stability of mononucleosomes by increasing the midpoint to 0.62 M 6 0.02 M NaCl. The stabilization effect of H2A.Z on the nucleosomes was consistent with previously reported results (Park et al. 2004 ). H3.3/H2A.Z double variant-containing nucleosomes have been shown to be extremely sensitive to salt-dependent disruption in a genome-wide investigation in vivo (Jin and Felsenfeld 2007; Jin et al. 2009 ). However, under our experimental conditions, the combined incorporation of variant H2A.Z and H3.3 within the same nucleosomes resulted in a salt-dependent stability of the nucleosomes with a midpoint of 0.75 M 6 0.02 M NaCl, which was similar to that observed in H2A.Z-containing nucleosomes (Fig. 1D, right panel) . Importantly, some unknown features in the native nucleosomes other than the double variants, including some specific histone modifications or nucleosome-binding factors, may contribute to the unusual instability of the nucleosomes in vivo.
To further investigate the effect of histone variants on the stability of the nucleosome, we examined the forcedependent dissociation of canonical or variant-containing mononucleosomes using magnetic tweezers (Fig. 1E) . Single nucleosomal arrays were equally reconstituted with canonical or variant-containing histone octamers and tethered onto a magnetic bead and the surface of the cover glass separately. Magnetic tweezers were employed to measure the nucleosome retention within a single nucleosomal array while exposed to a force held at 25 pN. The step-by-step displacement of nucleosomes from the single nucleosomal array could be observed, as shown in Supplemental Figure S1B . Each displacement step was observed with an average extension of 35 nm, and the number of steps represented the number of nucleosomes dissociated from the array. The data for the nucleosomal arrays occupied by nine nucleosomes were selected and used for further statistical analysis. We statistically analyzed the decay time required for the disassembly of five nucleosomes from the canonical and variant-containing nucleosomal arrays (Fig. 1F) . Our results showed that H3.3-containing nucleosomes dissociated at a rate of ;5.7 min per five nucleosomes, which was similar to that observed in canonical nucleosomes, which had a rate of ;5.5 min per five nucleosomes. In contrast, the dissociation of H2A.Z-containing nucleosomes required ;25.2 min per five nucleosomes, which was a more than fourfold increase compared with the canonical nucleosomes. The dissociation of double variant H2A.Z/H3.3-containing nucleosomes required ;12.6 min per five nucleosomes, with a more than twofold increase compared with the canonical nucleosomes (Fig. 1F) , Taken together, these results indicated that the incorporation of H2A.Z stabilized the nucleosomes, while H3.3 Error bars represent SD (n = 3). (E) Diagram for the force-dependent displacement of octamers from a single nucleosomal array using magnetic tweezers. (F) Probability analysis of the dwell time for the displacement of five nucleosomes containing canonical or variant histones using magnetic tweezers at 25 pN. The solid lines are log-normal fits to the data point with a peak at 5.5 min for the canonical nucleosome, 5.7 min for the nucleosome containing H3.3, 25.2 min for the nucleosome containing H2A.Z, and 12.6 min for the nucleosome containing H2A.Z and H3.3.
did not have any distinct effects on the stability of the nucleosomes. The double variant H2A.Z/H3.3-containing nucleosomes were more stable than the canonical nucleosomes, which was consistent with our FRET analysis.
H3.3 greatly impaired the folding of chromatin fibers and counteracted H2A.Z-mediated compaction
To characterize the effect of H2A.Z and H3.3 on the structure of higher-ordered chromatin fibers, we generated regularly spaced nucleosomal arrays using a DNA template containing 12 tandem repeats of 177-bp ''601 nucleosome positioning'' sequence. The 12mer-177-bp DNA was assembled into nucleosomal arrays by salt dialysis using recombinant histone octamers. Electron microscopy (EM) imaging was employed to confirm that the canonical and variant-containing nucleosomal arrays had an identical nucleosome density with >90% saturation and adopted an extended beads-on-a-string conformation in the absence of magnesium ( Fig. 2A,B) . The compact structures formed by canonical or variant-containing nucleosomal arrays in the presence of 1 mM MgCl 2 were visualized by negatively stained EM images (Fig. 2B) . Compared with the canonical arrays, the H2A.Zcontaining arrays folded into a more compact structure in the same condition, while the H3.3-containing arrays adopted a looser and more open structure. Interestingly, we found that >90% of the H2A.Z-containing chromatin molecules adopted a unique ''straight ladder-like'' structure in the presence of 1 mM MgCl 2 . Analytical ultracentrifugation (AUC) in sedimentation velocity experiments was performed to quantify the different extent in the compaction of higher-ordered chromatin structures formed by canonical or variant-containing nucleosomal arrays. The sedimentation coefficient profile of histone-free 12mer-177-bp DNA templates in HE buffer was performed as a control ( Fig. 2A) . In the absence of Mg 2+ , the well-reconstituted canonical and variant-containing arrays sedimented at 36S and exhibited an extended beadson-a-string structure in EM images (Fig. 2B) . At 1.5 mM MgCl 2 , the S ave for the canonical nucleosomal arrays was 51.5S. H2A.Z-containing nucleosomal arrays compacted more readily with an increasing concentration of MgCl 2 and formed a more condensed structure with an S ave of up to 57.2S at 1.5 mM MgCl 2 (Fig. 2C) , which was consistent with our negatively stained EM results. Interestingly, a similar condensation effect of H2A.Z on chromatin was observed by Tremethick's group (Fan et al. 2002) . Surprisingly, the H3.3 variant, which was found to have no effects on the stability of mononucleosomes, significantly hindered intrafiber folding of the nucleosomal arrays. The H3.3-containing nucleosomal arrays were much more difficult to compact by Mg 2+ , with the S ave slightly changing to 42.3S at 1.5 mM MgCl 2 . Moreover, the incorporation of H3.3 also counteracted the enhanced compaction effect of H2A.Z on nucleosomal arrays; the double variant H2A.Z/ H3.3-containing nucleosomal arrays adopted a more open conformation compared with the canonical nucleosomal arrays in the presence of MgCl 2 . We also investigated the compaction of canonical and variant-containing nucleosomal arrays induced by the addition of the linker histone H1 (Supplemental Fig. S2A ). The linker histone H1e exhibited a binding affinity similar to the canonical and variant-containing chromatins in our experimental conditions (Supplemental Fig. S2B ). At increasing ratios of H1e/nucleosome, the H2A.Z variant still promoted the folding of chromatin arrays, and, intriguingly, the incorporation of H3.3 impaired the intramolecular folding of nucleosomal arrays and counteracted with H2A.Z in the presence of H1e.
Effects of unique H3.3 residues on higher-ordered chromatin structures
The significant inhibitory effect of H3.3 toward the chromatin folding process warrants further examination. H3.3 is one of the most conserved variants in all eukaryotes and has only a four-amino-acid residue difference from canonical H3, including residue 31 (Ser vs. Ala) in the N-terminal tail and residues 87 (Ala vs. Ser), 89 (Ile vs. Val), and 90 (Gly vs. Met) near the beginning of the a2 helix of histone H3 ( Fig.  3A ; Szenker et al. 2011 ). Our aforementioned results have shown that the H3.3 variant did not have any effect on the stability of mononucleosomes but greatly impaired the intrafiber folding of the chromatin fiber and counteracted the compact effect of H2A.Z (Fig. 3B ). To determine which residue of these four unique amino acids contributed to the structural regulation of H3.3 on chromatin fibers, we generated a series of single-point mutations over these four residues in Xenopus histone H3, corresponding to the amino acids found on H3.3. We assembled the nucleosomal arrays containing canonical H3 or the A31S, S87A, V89I, and M90G single-point-mutated H3. The Mg 2+ -dependent compaction of these chromatin fibers was then analyzed using AUC and is shown in Figure 3C and Supplemental Figure S3 . Our results showed that all four residues affected the intramolecular folding of the chromatin fibers; the nucleosomal arrays with the single-point-mutated H3 were unable to compact as well as the canonical arrays. Surprisingly, compared with the H2A-containing nucleosomal arrays with H3 mutations, we found that the incorporation of H2A.Z could still facilitate the folding of nucleosomal arrays containing H3A31S or H3S87A but could not enhance the folding of the nucleosomal arrays containing H3V89I or H3M90G (Fig. 3D ), which suggested that the Ile89 and Gly90 residues on H3.3 were responsible for antagonizing the enhanced compaction effects of H2A.Z on chromatin fibers. To further investigate this effect, the double mutants (H3A31SS87A and H3V89IM90G) of canonical H3 were generated and reconstituted into the chromatin arrays, respectively. AUC analysis on the Mg 2+ -dependent compaction of the chromatin fibers containing the double mutations showed that the double mutant H3A31SS87A impaired the chromatin folding but did not affect the compaction effect of H2A.Z, while the other double mutant, H3V89IM90G, significantly counteracted the compaction effect of H2A.Z on chromatin fibers (Fig. 3E) . The results agreed well with the investigation on single-point mutations. The relative transcription levels were quantitated by photoimager and normalized to that for canonical chromatins with all acetyl-CoA, Gal4-VP16, and p300 added. The transcription assays were carried out independently three times.
H3.3 highly antagonizes the inhibition of H2A.Z on chromatin transcriptional activity and promotes gene expression
The dynamic changes of chromatin structure play a critical role in transcriptional regulation. To investigate the correlation between the structural regulation of H2A.Z and H3.3 on chromatin with transcriptional activity, an in vitro transcription assay on the reconstituted chromatin templates was performed (Fig. 3F) . The DNA template pG 5 MLP-containing five tandem Gal4-binding sites, an adenovirus major late core promoter, and a G-less cassette-was assembled into chromatin with purified recombinant canonical histones or histone variants using the ACF/NAP-1 system as described in the Materials and Methods (Supplemental Fig. S4A ). Compared with the chromatin assembled using canonical histones, the chromatin containing the H2A.Z variant was found refractory to transcription, which was consistent with our aforementioned findings that the incorporation of H2A.Z stabilized mononucleosomes and facilitated the folding of chromatin fibers to form a highly compact structure. Interestingly, the incorporation of H3.3 highly counteracted the repressive effects of H2A.Z on transcription from the chromatin template, as shown in Figure 3F . Taken together, these results suggest that the presence of H3.3 greatly impaired the folding of the chromatin fibers, antagonizing H2A.Z-mediated chromatin compaction and maintaining chromatin in a relatively loose structure for transcription activation. In addition, we found that the H2A.Z and H3.3 variants exhibited similar effects on the transcriptional activity on chromatins in the presence of the linker histone H1 (Supplemental Fig. S4B ). We also investigated the effects of H2A.Z and H3.3 on nucleosome remodeling mediated by ACF, an ISWI-containing and ATP-dependent chromatin remodeling factor (Supplemental Fig. S4C ). Interestingly, the variant H2A.Z was found to slightly inhibit the nucleosome sliding by ACF, while the H3.3 did not have any apparent effects on nucleosome sliding by ACF compared with the canonical histones. These effects are consistent with our investigations of the stability of mononucleoosmes by FRET and magnetic tweezers.
Dynamic incorporation of H2A.Z and H3.3 and chromatin structural dynamics on enhancer and promoter regions during gene activation Our in vitro biochemical and biophysical analysis revealed that the incorporation of H2A.Z and H3.3 could directly regulate transcriptional activity via modulation of nucleosome/chromatin dynamics. Previous genomewide chromatin immunoprecipitation (ChIP) and microarray investigations have also demonstrated that H2A.Z and H3.3 played critical roles in gene regulation. To examine whether our in vitro observations reflect in vivo phenomena, we further investigated the regulation of H2A.Z and H3.3 on chromatin dynamics and transcription in vivo. We examined the dynamic incorporations of H2A.Z and H3.3 on different regions of the transcription unit and the corresponding changes in chromatin structures during the activation of RAR/RXR-regulated genes by tRA induction. As shown in Figure 4A , panel a, the expression of cytochrome P450 26A1 (Cyp26A1) was increased with tRA treatment in a time-dependent manner. Further analysis of the nascent RNA of Cyp26A1 showed that the transcription was fully activated at 4 h after tRA induction (Fig. 4A, panel b) . Similar activation was also observed for HoxA1 by tRA induction (Supplemental Fig. S5A ).
Time-course ChIP was employed to detect the dynamic recruitments of H2A.Z and H3.3 on the transcribed genes during transcriptional activation. The spatiotemporal dynamics of H2A.Z and H3.3 on three regions, including the enhancer, promoter, and gene body, of the gene Cyp26A1 during tRA addition were analyzed ( Fig. 4C-E) . Interestingly, we found that H3.3 was predominantly accumulated on the enhancer region of Cyp26A1 in the resting state but was rapidly depleted, together with H4, after tRA induction (Fig. 4E, panel a) . However, no significant enrichment of H2A.Z was observed at the enhancer regions prior to or after tRA addition, which indicated that H2A.Z did not function on the enhancer region during Cyp26A1 gene activation by tRA (Fig. 4D, panel a) . In addition, our time-course ChIP analysis revealed that the level for all other histones examined, including H2A, H2B, and H4, dropped quickly within 1 h after tRA induction, which was concomitant with the rapid opening of the chromatin structure at this region, as shown by the DNase I digestion (EpiQ) assay (Fig. 4G) . Interestingly, RAR was also recruited to the enhancer region at almost the same time when the chromatin was opened, which suggested that the nucleosomes marked by H3.3 on the enhancer region were displaced immediately after tRA addition in the recruitment of RAR/RXR.
Most strikingly, H2A.Z was highly enriched on the promoter region prior to tRA induction, with a low level of H3.3 detected (Fig. 4B,D,E [panel b] ). During transcriptional activation by tRA, the level of H2A.Z at the promoter rapidly dropped down, accompanied by rapidly increased canonical H2A, within 1 h after tRA addition, while the H2B levels did not display any apparent change (Fig. 4D, panel b) . Furthermore, we also observed a rapid incorporation of H3.3, while the H4 and canonical H3 levels decreased during this time course (1 h induction by tRA) (Fig. 4E, panel b) , suggesting an apparent exchange of H3.3 with H3 into the promoter region, which is concomitant with a slight nucleosome eviction in the early stage of gene activation by tRA. The accompanying opening of the chromatin structure around this region was also demonstrated using time-course EpiQ assays (Fig. 4G) . As shown in Figure 4A , transcription began after 1 h of tRA induction, while the levels of histone H2B and H4 began to quickly decrease, indicating the quick eviction of nucleosomes on the promoter region of the Cyp26A1 gene after 1 h of tRA induction. In addition, our time-course ChIP analysis revealed that RAR and RNA polymerase II (Pol II) were increasingly recruited to the promoter region, which was accompanied by the opening of the chromatin and transcriptional activation during tRA induction (Fig. 4A,F,G) . In contrast, our time-course Cold
ChIP and EpiQ analysis showed that the levels of H2A.Z, H2A, H3.3, H3, H2B, H4, and chromatin structure on the gene body region did not have significant changes during the time course of tRA induction examined (Fig. 4D-G) . Moreover, the dynamics of H2A.Z and H3.3 and chromatin structures were also analyzed for another gene, HoxA1, which was also highly regulated by RA signaling. The time-course ChIP and EpiQ analysis revealed that similar dynamic replacements of the histone variants H2A.Z and H3.3 and chromatin dynamics were observed on the promoter and enhancer regions of HoxA1 during tRA induction (Supplemental Fig. S5 ).
The incorporation of H3.3 is important for activation of Cyp26A1 by tRA Our results revealed that H3.3 was actively deposited into the enhancer region prior to gene induction, and H3.3 was rapidly depleted from the enhancer region but deposited into the promoter region during gene activation by tRA induction, which indicated that the H3.3 variant may play a critical role in the activation of inducible genes. Thus, we generated H3.3 knockdown mES cells to investigate the functions of H3.3 on the activation of Cyp26A1 by tRA. As shown in Figure 5A , H3.3 knockdown greatly impaired the expression of Cyp26A1 during tRA induction, which indicated that H3.3 was important for tRAmediated activation of Cyp26A1. We also assessed the dynamic changes of H2A.Z and RAR in the enhancer and promoter regions, respectively, during tRA induction after H3.3 knockdown (Fig. 5B) . Knockdown of H3.3 did not have any obvious effects on the binding of H2A.Z on the enhancer region (Fig. 5B, panel b) because the level of H2A.Z was very low at the enhancer region of Cyp26A1 in wild-type mES cells. However, knockdown of H3.3 could reduce the binding of RAR to the enhancer region during tRA induction (Fig. 5B, panel d) . In addition, our EpiQ assays demonstrated that knockdown of H3.3 resulted in compaction of the chromatin structure at the enhancer region of the Cyp26A1 gene (Fig. 5G, panel b) , which indicated that deposition of H3.3 at enhancer regions impaired the folding of chromatin and enabled the binding of the transcription factor (RAR/RXR). For the promoter region of the Cyp26A1 gene, knockdown of H3.3 greatly impaired the deposition of H2A.Z before tRA induction (Fig. 5B, panel c) , resulted in the opening of the chromatin structure (Fig. 5G, panel c) , and weakened the stimulated binding of RAR, TBP, and Pol II on the promoter region during tRA induction (Fig. 5B [panel e] , C). These findings strongly suggested that marking the enhancer region by H3.3 prior to tRA induction was essential for the subsequent binding of RAR, TBP, and Pol II on the promoter region during tRA induction. Moreover, the deposition of H2A.Z at the promoter region was also dependent on the incorporation of H3.3 at the enhancer region of Cyp26A1. Interestingly, further investigation showed that the knockdown of H3.3 inhibited the recruitment of the histone acetyltransferase complex Tip60 and chromatin remodelers (SRCAP and BRG1), which may be involved in H2A.Z deposition at the promoter regions of Cyp26A1 and HoxA1 (Supplemental Fig. S6 ). Interestingly, we did not observe the apparent recruitment of chromatin remodeler SNF2H at the promoter regions in our experimental conditions (Supplemental Fig. S6 ). The results indicated that the H3.3 on the enhancer regions may help to recruit the H2A.Z-specific histone acetyltransferase complex Tip60 and chromatin remodelers to deposit H2A.Z onto the promoter regions.
H2A.Z knockdown mES cells were also generated to investigate the functions of H2A.Z on the activation of the Cyp26A1 gene by tRA. As shown in Figure 5D , H2A.Z knockdown promoted the expression of Cyp26A1 during tRA induction, which indicated that H2A.Z exhibited a repressive role in tRA-induced transcription of the Cyp26A1 gene. We also assessed the effects of H2A.Z knockdown on the dynamic changes of H3.3, RAR, TBP, and Pol II in the enhancer and promoter regions during tRA induction (Fig. 5E,F) . H2A.Z knockdown did not have any obvious effect on either the recruitment of H3.3 on the enhancer region before tRA induction or the dynamic changes of H3.3 on the enhancer and promoter regions during tRA induction (Fig. 5E, panels b,c) . These results indicated that the deposition of H3.3 was independent of the incorporation of H2A.Z. In addition, because the level of H2A.Z was very low at the enhancer region of the Cyp26A1 gene in wild-type mES cells, H2A.Z knockdown did not affect the binding of RAR to the enhancer region during tRA induction (Fig. 5E, panel  d) . However, at the promoter region, EpiQ assays showed that the knockdown of H2A.Z resulted in the opening of the chromatin structure (Fig. 5G , panel e) and enhanced the binding of RAR and TBP to the promoter prior to tRA induction ( Fig. 5E [panel e], F [panel b] ). In addition, the eviction of H2A.Z from the promoter region could enhance the stimulated binding of TBP and Pol II to the promoter during tRA induction (Fig. 5F ). The functions of H2A.Z and H3.3 on the activation of another gene, HoxA1, by tRA were also examined, as shown in Supplemental Figure S7 , which revealed a phenomenon similar to that observed on the Cyp26A1 gene.
Genome-wide investigation of the correlation of incorporation of H2A.Z and H3.3 with chromatin structures
Using RAR/RXR targeted genes as a model, we revealed that the activation of gene transcription was accompanied by the depletion of the histone variant H2A.Z and concomitant deposition of H3.3 to open chromatin structures at the promoter region to initiate transcription. To map the chromatin structures across the whole genome, MNase sequencing (MNase-seq) was developed to analyze the chromatin structures on the basis of the accessibility of the genome to MNase digestion. As shown in The results were normalized to the reference Rho gene. Statistical analysis in the experiment was performed using two-tailed Student's t-test; (*) P < 0.05; (**) P < 0.01. All of the data shown are expressed as the mean 6 SD of three independent biological replicates.
Cold Spring Harbor Laboratory Press on December 30, 2013 -Published by genesdev.cshlp.org Downloaded from acting H2A.Z-mediated chromatin compaction. We further analyzed the correlation of H3.3 and H2A.Z enrichment with chromatin structure at the predicted enhancer and promoter regions. The open degree of chromatin structure was positively correlated with the enrichment of H3.3, but negatively correlated with the level of H2A.Z, over the intergenic regulatory regions (most likely representing the enhancer regions) (Supplemental Fig. S8A) . However, the highly opened chromatin on the regions within the transcription start site (TSS) 6 500 bp (promoter regions) was negatively correlated with very low levels of both H3.3 and H2A.Z (Supplemental Fig. S8B) , which is very similar to the correlation pattern of FAIREpositive nucleosome-free regions with the H3.3 and H2A.Z levels (Pchelintsev et al. 2013) , indicating that the highly opened chromatin structure at promoter regions may result from nucleosome depletion. In addition, correlation of the distribution of H2A.Z and H3.3 on the predicted enhancer and promoter regions with chromatin structures and their expression levels, respectively, was also analyzed across the entire genome. As shown in Figure 6 , C and D, genome-wide analysis showed that a low level of H2A.Z was found in the predicted enhancer regions. The most open enhancer regions were highly enriched with H3.3 compared with the rest enhancer regions, which indicated that the open degree of chromatin structure was positively correlated with the enrichment of H3.3 at the enhancer regions. We further analyzed the correlation between enrichments of H2A.Z and H3.3 at the promoter regions and gene expression genomewide. To this end, we subgrouped the promoter regions into active promoters and repressive promoters based on their expression levels, where the active promoters referred to the predicted promoters for the top one-quarter of expression genes, and the repressive promoters referred to the predicted promoters for the bottom one-quarter of expression genes. As shown in Figure 6 , E and F, a higher level of H2A.Z was found at the repressive promoter regions compared with the active promoters, while H3.3 showed low levels on both active promoters and repressive promoters. These results were mutually consistent with our findings from in vivo experiments on specific genes and in vitro biochemical and biophysical assays.
In summary, the results obtained from our in vitro biochemical and biophysical assays and the studies in vivo on both specific genes and the genome-wide level suggest that the incorporation of H2A.Z on the promoter would result in compaction of chromatin to repress transcription, while the incorporation of H3.3 impaired chromatin folding to allow the enhancer and promoter regions to adopt a relatively open conformation for the binding of transcription factors and cofactors to activate transcription (Fig. 7) . Cold Spring Harbor Laboratory Press on December 30, 2013 -Published by genesdev.cshlp.org Downloaded from
Discussion
Here we investigated the structural and transcriptional regulation of two variants, H2A.Z and H3.3, at the chromatin level in vitro and in vivo. Our results revealed that H2A.Z could repress transcription via stabilizing mononucleosomes and facilitating chromatins to generate more compact structures. However, the incorporation of H3.3 could activate gene transcription via hindering the compaction of chromatin fibers regardless of the presence of H2A.Z. Moreover, we further demonstrated that the dynamic depositions and/or replacement of H2A.Z and H3.3 resulted in the corresponding structural changes of chromatin at the enhancer and promoter regions of RAR/RXR targeted genes during gene activation by tRA. Our results shed light on the molecular mechanisms of how histone variants function together to prime gene transcription via modulating nucleosome/ chromatin dynamics over enhancer and promoter regions.
Effect of the histone variants H2A.Z and H3.3 on nucleosome/chromatin dynamics and transcriptional regulation It has been shown that chromatin structure exhibits a highly dynamic equilibrium between an open conformation and a compacted 30-nm fiber, which may play a key role in transcriptional regulation (Li and Reinberg 2011) .
In this study, we demonstrated that H2A.Z itself can stabilize mononucleosomes in experiments using FRET and single-molecule magnetic tweezers, which was consistent with recent findings that H2A.Z-containing nucleosomes harbored a more stable structure when compared with canonical nucleosomes (Park et al. 2004; Thambirajah et al. 2006 ). In addition, the incorporation of H2A.Z facilitated the folding of nucleosomal arrays in the presence of MgCl 2 or H1. These highly compacted structures, resulting from the H2A.Z-containing chromatins, were refractory to transcription by RNA Pol II. We further analyzed the effect of H3.3 on nucleosome/chromatin dynamics and transcriptional regulation. Our FRET and magnetic tweezer experiments demonstrated that the incorporation of H3.3 only showed little effect on the stability of mononucleosomes, which was consistent with previous findings that incorporation of H3.3 did not affect nucleosome stability in the absence of H2A.Z (Flaus et al. 2004; Thakar et al. 2009 ). Jin and Felsenfeld (2007) have shown that coexistence of H2A.Z and H3.3 resulted in destabilization of ''native'' nucleosomes. However, our in vitro biochemical and biophysical results revealed that the incorporation of double variant H2A.Z/H3.3 in the same nucleosome resulted in a more stable property compared with those observed with canonical histones. These apparently contradicting data may result from the context of pre-existing higher-order chromatin, posttranslational modifications of histones and DNA, and/or the additional actions of ATP-dependent chromatin remodeling factors and histone chaperones on the different histone variants. Intriguingly, our AUC and EM analyses demonstrated that the incorporation of H3.3 greatly impaired the folding of the chromatin arrays, which indicated the H3.3-containing chromatin tended to adopt a relatively open state. Moreover, the incorporation of H3.3 could counteract the promoting effects of H2A.Z on the folding of nucleosomal arrays. The impairment of H3.3 on higher-ordered chromatin structures may partially contribute to the combined effect of H2A.Z and H3.3 on nucleosome dynamics observed in vivo (Jin and Felsenfeld 2007 ). In addition, using assembled chromatin as a template, we found that H3.3 could antagonize the inhibitory effects of H2A.Z on chromatin transcription by RNA Pol II, which partially resulted from the counteractivity of compaction by H2A.Z. This suggests that H3.3 may play a dominant role in regulation of the dynamics of higher-ordered chromatin and transcriptional activity in the chromatin context. Importantly, using prokaryotic T7 RNA polymerase and reconstituted mononucleosomes, Zlatanova and colleagues (Thakar et al. 2010 ) observed a similar inhibitory effect of H2A.Z on transcription by T7 RNA polymerase, while only H3.3 incorporation onto nucleosomes exhibited no effect on transcription in vitro. Interestingly, they also found that the hybrid nucleosome particle containing both H2A.Z and H3.3 inhibited transcription, similar to H2A.Z. Their results were inconsistent with the properties of H2A.Z and H3.3 that we observed on the chromatin level, suggesting that at the mononucleosome level, transcription activity is controlled mainly by the properties of mononucleosomes, while at the chromatin level, the higher-ordered structure of chromatins might play a dominant role in transcriptional regulation.
The H3.3 variant differs from canonical H3 at only four amino acid residues, three of which are hidden inside the nucleosome core particle in region 87-90, and one residue Ser31 is exposed outside of the nucleosome core particle. Interestingly, conversion of the H3.3 variant region 87-90 (AAIG) to the canonical H3 sequence ''SAVM'' abolished replication-independent incorporation (Szenker et al. 2011 ). However, a single replacement of ''S'' with ''A'' at position 31 of the histone H3 tail resulted in no effect on the deposition pathway, suggesting that H3.3 S31 and its phosphorylation did not play a role in H3.3 incorporation (Hake et al. 2005) . Most recently, we and others showed that Ala87 and Gly90 in H3.3 play critical roles in DAXX recognition (Elsasser et al. 2012; Liu et al. 2012) . However, it still remains unclear whether H3.3 S31 and the region 87-90 function in the regulation of chromatin dynamics. In this study, all four unique residues in H3.3 were shown to hinder the compaction of the chromatin arrays, while residues 89 and 90 were mainly responsible for the counteractivity of H2A.Z-mediated chromatin compaction. Using in vitro cross-linking experiments in a model of reconstituted nucleosomal arrays, Hayes and colleagues (Zheng et al. 2005 ) demonstrated that the entire N-terminal tail of H3 participated in internucleosomal interactions in highly compacted chromatin fiber induced by MgCl 2 . Thus, it was likely that the substitution of reside 31 in H3.3 disrupted the internucleosomal interaction mediated by the N-terminal tail of H3 and impaired the compaction of chromatin fibers. However, according to the crystal structure of the nucleosome core particle, none of these four amino acids appear to directly interact with H2A.Z or H2A, and the substitutions of the three amino acid residues located in beginning of the a2 helix of H3.3 will not result in any major changes in intranucleosomal or internucleosomal interactions. Thus, the participation of H3.3 in regulating chromatin dynamics is difficult to rationalize.
H3.3 and H2A.Z function together to determine the transcriptional potential of RA-regulated genes via regulating chromatin dynamics over the enhancer and promoter regions
The dynamic incorporation of H2A.Z and H3.3 and their corresponding regulation on chromatin structure and transcription have been investigated during the activation of the nuclear receptors RAR/RXR by tRA induction. In summary, H2A.Z exhibits a repressive role in tRAinduced transcription of Cyp26A1 and HoxA1 genes, while the incorporation of H3.3 was essential for the gene activation. Knockdown of H2A.Z in cells promoted the expression of Cyp26A1 and HoxA1, but H3.3 knockdown inhibited gene expression during tRA induction. It has been reported that the incorporation of H3.3 was found at distal promoter elements, upstream enhancers, and other regulatory elements that occurred relatively distant from the genes (Jin and Felsenfeld 2006) . Our time-course ChIP analysis revealed that H3.3 was actively deposited to enhancers prior to gene induction and was depleted rapidly after gene activation. We also found that structural alteration occurred on the enhancer regions during gene activation. Our EpiQ and genome-wide MNase-seq analysis demonstrated that the chromatin in the enhancer regions enriched with H3.3 displayed a relatively open conformation prior to gene activation, which may be partially due to the impaired effect of H3.3 on chromatin folding, similar to what we observed in vitro. Furthermore, the nucleosomes together with the histone variant H3.3 were rapidly displaced from the enhancer regions shortly after tRA induction. These results indicated that the incorporation of H3.3 may decorate the chromatin architecture at the enhancer regions and allow for the recognition and binding of transcriptional activators, such as nuclear receptors and transcription factors, which subsequently recruit the ATP-dependent chromatin remodeling complex SWI/SNF and/or p300 to remodel the nucleosome architecture, as previously reported . We also observed that knockdown of H3.3 resulted in chromatin compaction and impaired the subsequent binding of RAR, TBP, and Pol II on the enhancer and promoter regions during tRA induction. Henikoff et al. (2009) have shown that H3.3-enriched chromatins were relatively soluble in low-salt conditions, which suggested that chromatin containing H3.3 adopted a more open structure for MNase digestion and low-salt extraction. In addition, the deposition of H3.3 in the enhancer region was independent of the H2A.Z variant. Knockdown of H2A.Z did not affect the enrichment and dynamic changes in H3.3 in the enhancer regions during gene activation. Despite observations of an association between transcription and H3.3 incorporation in the enhancer regions of the genes studied, the mechanism that preferentially deposits H3.3 into nucleosomes at transcribed genes is still not well understood; for example, it is still unclear which histone chaperone is responsible for recruiting H3.3 to the enhancer regions prior to gene induction.
The dynamics of histone variants on promoter regions are very different from what occurs on the enhancer regions. Our time-course ChIP results clearly showed a two-step chromatin remodeling event at the promoter regions of both Cyp26A1 and HoxA1 genes ( Fig. 4 ; Supplemental Fig. S5 ). The histone replacement step occurred first within 1 h of induction by tRA, followed by the subsequent nucleosome eviction step. Instead of H3.3, H2A.Z is actively recruited to promoters prior to RNA Pol II and is rapidly replaced during transcriptional activation by tRA induction. Accordingly, our EpiQ analysis indicated that the chromatin in the promoter region of the Cyp26A1 gene was also relatively more compacted compared with the enhancer region (data not shown), but the compaction state could be greatly impaired by H2A.Z knockdown, which was consistent with our in vitro finding that H2A.Z could facilitate chromatin compaction and stabilize nucleosome structures. In addition, the histone variant H2A.Z was rapidly replaced by H2A during early time points (within 1 h) of tRA induction, which was accompanied by a significant increase of H3.3. However, it is still unclear whether the H3.3 deposition in this region was a consequence of or a prerequisite for transcriptional activation. We also showed that knockdown of H3.3 greatly impaired the incorporation of H2A.Z in the promoter region of Cyp26A1 before tRA induction, which suggested that the recruitment of H2A.Z to the promoter region prior to gene activation was dependent on the existence of H3.3 on the enhancer region. However, knockdown of H2A.Z did not affect the incorporation of H3.3 into the promoter region after tRA induction, which suggested that the recruitment of H3.3 to the promoter region after gene activation was independent of the pre-existence of H2A.Z on the same region. Interestingly, we also found that H3.3 at the enhancer can facilitate the recruitment of the histone acetyltransferase complex and chromatin remodelers (such as Tip60 and SRCAP) to deposit H2A.Z at the promoter regions. Two recent studies assessing inducible gene expression have also found that incorporation of H3.3 promoted initial gene activation (Placek et al. 2009; Tamura et al. 2009 ). The incorporation of H3.3 may be important to remove repressive histone modifications such as H3K9 methylation and/or replacement with activating marks, as suggested by others (Ahmad and Henikoff 2002) . However, although nucleosomal H3.3 is enriched in activating modifications such as H3K4me3, our time-course ChIP results revealed that H3K4me3 appears to be established only after histone replacements and coupled to active transcription (data not shown). Accordingly, our results suggested that although the incorporation of H3.3 onto enhancer regions prior to induction and onto promoter regions after induction may result from distinct mechanisms, the incorporation of H3.3 on these regions facilitates the chromatins to form loose structures for the binding of transcription factors (RAR/RXR), chromatin remodeling complexes, and histone-modifying enzymes and the subsequent recruitment of transcriptional machinery upon gene induction. Taken together, our results revealed that the extensive H3.3 deposition accompanying the exchange of H2A.Z on the enhancer and promoter regions of active genes will create featured chromatin signatures to allow inducible genes to be able to rapidly respond to environmental stimulation.
Materials and methods
Protein, DNA, antibodies, and cell culture For protein, DNA, antibodies, and cell culture, see the Supplemental Material.
RNAi-mediated gene silencing in mES cells (R1)
Validated siRNA duplexes were used to knock down H3.3A, H3.3B, and H2A.Z. The oligonucleotide sequences were as follows: siH3.3A#1, 59-TGAGTTGTCCTACATACAA-39; siH3.3A#2, 59-GC CAAACGTGTAACAATTA-39; siH3.3B#1, 59-GCGTATTAAAC CTTGCATA-39; siH3.3B#2, 59-GCATGTTTCTGTATGTTAA-39; siH2A.Z#1, 59-GGTAAGGCTGGAAAGGACT-39; and siH2A.Z#2, 59-TGGAGATGAAGAATTGGAT-39.
siRNA duplexes were transfected into mES cells using Lipofectamine 2000. Cells were harvested after 72 h of transfection.
Nucleosome and chromatin reconstitution
The respective histone octamers and chromatins were reconstituted as previously described . The experimental details are described in the Supplemental Material.
EM
The metal shadowing with tungsten and negative staining experiment for EM study were performed as described in the Supplemental Material. The samples were examined using a FEI Tecnai G2 Spirit 120-kV transmission electron microscope.
Sedimentation velocity AUC
The chromatin samples were prepared in measurement buffer (10 mM HEPES at pH 8.0, 0.1 mM EDTA) using various concentrations of MgCl 2 . Sedimentation experiments were performed on a Beckman Coulter ProteomeLab XL-I using a fourhole An-60Ti rotor. Samples with an initial absorbance at 260 nm of ;0.5-0.8 were equilibrated for 2 h at 20°C under vacuum in a centrifuge prior to sedimentation. The absorbance at 260 nm was measured in a continuous scan mode during sedimentation at 32,000g in 12-mm double-sector cells. The data were analyzed using enhanced van Holde-Weischet analysis and the Ultrascan II 9.9 revision 1504. The S 20,w values (sedimentation coefficient corrected for water at 20°C) were calculated with a partial specific volume of 0.622 mL/g for chromatin, and the buffer density and viscosity were adjusted. The average sedimentation S ave coefficients were determined at the boundary midpoint.
Steady-state FRET analysis
Double-fluorescence-labeled 169-bp 601 DNA fragments were prepared by PCR using primers labeled with the dye pair of Alexa 488 and Alexa 594 with a Fö rster distance of ;54 Å from a plasmid containing the 601 positioning sequence. The sequences for the primers (Invitrogen) used were as follows: FWD, 59-AC AGTACTGGCCGCCCTGGAGAATCCCGGTGCCGAGGCC GCT (Alexa488)CAATTG-39; and REV, 59-TACATGCACAGG ATGTATATATCTGACACGTGCCTGGAGACT (Alexa594)AG GGAG-39.
The labeled DNA templates were reconstituted into mononucleosomes using the salt dialysis method as previously described. Steady-state fluorescence experiments were performed at 20°C on a fluorescence spectrometer (EmSpire, PerkinElmer). For the salt-dependent dissociation study, samples with different concentrations of NaCl were excited at 492 nm, and the emission was recorded from 510 nm to 750 nm. The difference in the fluorescence intensity between the donor and acceptor emissions was plotted against the concentration of NaCl, which generated the salt-dependent dissociation curves for the canonical and variant-containing mononucleosomes.
Single-molecule magnetic tweezer analysis
Single molecular manipulation of a nucleosomal array was performed on magnetic tweezers (Pico Twist Company) as described previously (Gosse and Croquette 2002; Meglio et al. 2009 ). Additional details are provided in the Supplemental Material.
In vitro transcription assay
Transcription assays using a pG5MLP template were performed as previously described (Loyola et al. 2001) . Briefly, 50 ng of naked DNA or an equimolar amount of chromatin assembled with recombinant canonical or variant-containing histone octamers was incubated with 20 ng of Gal4-VP16 for 15 min at room temperature. Next, 50 ng of p300 and 1.5 mM acetyl-CoA was added as indicated and incubated for 30 min at 30°C. Onehundred micrograms of HeLa cell nuclear extract was added into each reaction and incubated for another 20 min at 30°C. Transcription was carried out by adding ATP, CTP, GTP, and 32 P-labeled UTP for 20 min at 30°C. The transcription reaction was stopped, and the RNA transcripts were extracted with phenol-chloroform, precipitated with ethanol, and analyzed by 5% urea-PAGE.
Isolation of nascent RNA and mRNA and real-time PCR analysis Nascent RNA was extracted as previously described (Khodor et al. 2011 ). The total RNA was extracted using TRIzol reagent (Invitrogen), and the first strand of cDNA was reverse-transcribed using 2 mg of RNA. cDNA products were used for quantitative real-time PCR using the SYBR Premix Ex Taq (Takara). Additional experimental details are described in the Supplemental Material.
Chromatin structure analysis in vivo
The chromatin structure was analyzed using the EPiQ chromatin analysis kit (Bio-Rad). Briefly, chromatin was digested using DNase I in situ for 1 h. The digested and undigested chromatin DNA was purified and quantified using the Nanodrop 2000 (Thermo Scientific). The samples were analyzed using real-time PCR with the following primer sequences: Cyp26A1 enhancer (sense, 59-CCGGGCTCATGTTGTAAAC-39; antisense, 59-GCT GCCACTGTCATATCTTGTA-39), Cyp26A1 promoter (sense, 59-AGGAAAGAGGTGTTCCTAGTCC-39; antisense, 59-ATAA GGCCGCCCAGGTTA-39), Cyp26A1+2000 (sense, 59-CACG AGGAACCGTATTAAAGG-39; antisense, 59-CATGACCACC AAAGAGGAGC-39), HoxA1 promoter (sense, 59-GCCACTG AAACGGTGATCC-39; antisense, 59-AGAGTCGCCACTGCC AAG-39), and HoxA1 enhancer (sense, 59-TTTTGGAGGCTATTC AGATGC-39; antisense, 59-TCCCGAAGAGGAATGGAAC-39).
ChIP
ChIPs and quantitative real-time PCR were performed as previously described (Margueron et al. 2008) . The experimental details are provided in the Supplemental Material.
MNase-seq analysis
The genome of mES cells (Milli Trace Nanog GFP Reporter mES cells, SCR089) was digested with MNase at different time points. Subsequently, the genomic DNA from the MNase digestion was extracted with phenol-chloroform, precipitated with ethanol, and analyzed on a 1.0% agarose gel. Two digestion conditions, a mild digestion in which a small fraction of the genome was digested into a mononucleosome and an extensive digestion in which most of the genome (>80%) was digested into a mononucleosome, were chosen accordingly. The DNA fragments corresponding to mononucleosomal sizes of the two selected digestion conditions were isolated and purified from the gel, and the resulting DNAs were subjected to sequencing using the HiSeq 2000 sequencing system. FASTQ sequences at 100 bp in length were aligned to the Mus musculus reference genome (mm9) using BWA with default parameters (Li and Durbin 2010) . Only the uniquely mapped reads with a quality >10 were considered for genome-wide data analysis. The genome-wide data analyses were performed as described in the Supplemental Material. The MNase-seq data are deposited in Gene Expression Omnibus under accession number GSE 50706.
